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ABSTRACT
A radiation shield optimization procedure based on the computer code, OPEX-n, is
described. The OPEX-n code, based on an earlier, steepest-descent-method code
OPEX, has been receded to improve coding, simplify data input, use spherical geom-
etry, and alter the dose-thickness relation when a layer has been removed. A complete
description of how to obtain the necessary input data for OPEX-n from other transport
calculations is given. Data input instructions, FORTRAN IV code listing, and a sample
problem optimizing a seven-layer shield of tungsten and lithium hydride for a space
power reactor are given.
ii
OPEX-II, A RADIATION SHIELD OPTIMIZATION CODE
by Gerald P. Lahti
Lewis Research Center
SUMMARY
A radiation shield optimization procedure based on the computer code, OPEX-n, is
described. The OPEX-II code, based on an earlier, steepest-descent-method code
OPEN, has been receded to improve coding, simplify data input, use spherical geometry,
and alter the dose-thickness relation when a layer has been removed. A complete de-
scription of how to obtain the necessary input data for OPEX-II from other transport
calculations is given. Data input instructions, FORTRAN IV code listing, and a sample
problem optimizing a seven layer shield of tungsten and lithium hydride for a space
power reactor are given. " . .
INTRODUCTION
The radiation shield designer is faced with the task of selecting shield materials and
material arrangements which, will not only provide adequate protection against radiation
but will also minimize shield weight, cost, or space. If components of the total dose are
independent of one another (i. e., primary gammas, and fission neutrons), and the geom-
etry is simple, analytic expressions for the radiation dose may be defined and a closed
form solution for minimum weight may be obtained. Reference 1 reviews such cases.
When radiation groups are not independent, which is generally the case for second-
ary gammas generated by neutron absorptions and inelastic scatters throughout the
shield, closed form solutions are no longer attainable so numerical iterative methods
must be employed. Two of these numerical, iterative optimization techniques are
(1) the method of Lagrange multipliers (as applied to the shield weight optimization
problem in ref. 2) and (2) the method of steepest descent (as applied to the shield weight
optimization problem in ref. 3).
In both methods, an empirical analytical expression (hereinafter called the dose-
thickness relation) is assumed which relates the radiation dose at some reference de-
tector point to all thicknesses of material present. The parameters in this empirical
expression are obtained by fitting them to some accurate detailed radiation transport cal-
culations of dose for a given base configuration and perturbations of that configuration.
The geometry and thicknesses of material determine weight and derivative of weight with
respect to thickness. With first derivative of weight and dose with respect to thickness
as determined from the dose-thickness relation, the optimization procedure alters the
base configuration to obtain a set of thicknesses corresponding to a minimum weight con-
figuration (or at least a local minimum) for some dose constraint. Optimization codes do
not select materials but merely alter initial configurations. Optimization codes may
eliminate layers but they never add layers. The optimum weight estimate is only as good
as the parameters which describe changes of dose with thickness. A final, detailed
proof calculation is necessary to confirm the predictions of the optimization code.
The steepest-de scent method of reference 3 was incorporated in a rudimentary com-
puter program called OPEX (ref. 4) but was limited to slab geometry. This report
describes .a revision of OPEX, called OPEX-n, and how it is applied to a'radiation
shield optimization. The basic steepest-descent method of reference 3 has been main-
tained, but the code OPEX has been completely rewritten to improve coding, simplify
data input, use spherical geometry, expand the output, and alter the dose-thickness
relation when a layer has been removed by the optimization code. In this report, a com-
plete description of how to obtain the necessary input data for OPEX-n from other trans-
port calculations is given. Data input instructions, FORTRAN IV code listing, and a
sample problem optimizing a seven-layer shield of tungsten and lithium hydride for a
space power reactor are given.
DOSE-THICKNESS RELATION
The total radiation dose rate D at some reference point in space is defined, for




D total dose rate
Dj i component of total dose rate (e. g., dose due to capture gammas from first
shield layer or dose due to inelastic gammas from last shield layer, etc.)
IMAX number of components of dose
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t. thickness of j region
M-.J "attenuation coefficient" which describes effect of change in thickness t. on E
NREG number of regions present
The i dose component need not be associated with the j region. There may be
more than one contribution to the total dose from a given layer. Other layers may con-
tribute negligible secondary gamma dose and their dose contribution is omitted. Gen-
erally because of differences in formation rate and gamma attenuation, a given high-Z
shield region will have one dose component due to capture gammas and a second due to
inelastic gammas. The core will have primary neutrons and primary gammas. A hy-
drogeneous layer may have negligible dose.
For example, consider the spherical reactor-shield described in the following


































In this example, MO 4? Mo *, and MM 4 represent the attenuation of gamma rays by
the tungsten layer for the various gamma sources in the core and layers between the core
and the tungsten. The coefficient MJ 4 represents the attenuation by the tungsten of
neutron dose due to neutrons born in the core. In contrast, Mr o represents the attenua-
tion by lithium hydride (layer 3) of neutrons which give rise to secondary gamma sources
in the tungsten (layer 4).
For coefficients such as Me 4? describing the effect of a thickness on its own source
strength, equation (2) becomes inadequate particularly when the thickness of the layer
goes to zero. OPEX-n does, however, set C. = 0 if a particular layer is eliminated by
the code. At this point, however, the attenuation coefficients M^ should be recalculated
for the new configuration. Regions of origin of the various dose components are required
data input to the code to facilitate this operation.
FITTING PARAMETERS TO DOSE-THICKNESS RELATION
The coefficients of equation (2) are obtained as precisely as possible by performing
a series of transport calculations. A starting, base configuration is selected, prefer-
ably as close to an optimum configuration as possible based on past experience. With
the transport calculation, such as a discrete ordinates calculation, the individual dose
components Dj are evaluated. Each layer of the base configuration to be altered by the
optimization code is then systematically increased by a nominal amount (say, 1 cm) and
the dose components are reevaluated with the transport code. From equation (2), then,
NREG
V ' ' " 'NREG^Ci^K
\ j=
NREG
2, . . . . ., . . ., N R E G . - /ijjt.) exp(-MijAtj)
Solving the above pair of equations for n.. results in
M.. =_L-in E>i^1' *2' • • •' V ' ' ' 'NREG)
at (3)
The coefficients M-- are determined for all i and j in this manner.
The basic configuration data, that is, the set of thicknesses t., dose components
and "attenuation coefficients" M-^ constitute the required input data. For the set of
base configuration, then, the coefficient C. is calculated by the code OPEX-n from
equation (2); that is,
(NREG^ Mift!j=l
WEIGHT-MINIMIZATION PROCEDURE
The procedure for obtaining the minimum weight configuration by the steepest-
descent method is presented in this section. The equations are basically from refer-
ences 3 and 4. The narrative is expanded to illustrate the flow of computation and to
comment on code output.
The mathematical problem to be solved is that of minimizing the weight w, a func-
tion of thicknesses t., while constraining the total dose D to some particular value;
that is,
Minimize w(tj, to, . . ., tNRjrrO
with constraints (a) D = £ D. = £ C. exp (-£ ju..t. J = constant
i i \ j ] V
(b) t. > 0
(c) t, = constant for any desired values of £
Constraint (b) ensures a physical solution. The optional constraint (c) is useful if it
is desired that some thicknesses be kept from changing during the computation (e. g. , the
reactor core and reflector thicknesses). Constraint (c) is necessary for the spherical
geometry programmed presently to prevent the trivial case of reducing reactor core size
to zero.
An n-dimensional Euclidian vector space with Cartesian coordinates t^, tg, . . .
*NREG is defined. The following vectors are defined on this space:
t = , t2, . . . tNREG)
-
 = 1 8w aw
B - I - > - >\at1 at2
- 3D 3D







The notation t = (t., t2, means +t2X2 wnere Xi are
unit vectors in the i direction. Vectors g and a represent the gradient of weight
and dose. The components of g are evaluated from analytic expressions of weight as a
function of thickness, and depend on geometry. The components of a are evaluated from
the partial derivatives of (1) and (2), namely,
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points in the direction of greatest weight decrease (steepest descent) along a hyperplane
tangent to the hypersurface described by the equation
D(X) = D(tp t2, . . . tNREG) = Constant
Components of u, namely u., represent increments of thickness to be added to
each t. to approach the minimum weight criterion.
The optimization code proceeds as follows:
A(1) A fraction f of each component u^ of u is added to each thickness t.. The
fraction f is an input parameter. (A value of f = 1.0 has given satisfactory results.)
(2) The new set of thicknesses generally does not return the correct dose constraint
so a first-order correction is applied to each L to return the dose constraint. This
correction is
\ew =Told + [D(constraint) - D(calc)] x _a_
(a • a)
Steps 1 and 2 are repeated until the relative change in weight from one iteration to
the next is less than some prescribed value.
The code output includes final thicknesses and individual dose components as cal-
culated from the dose-thickness relation for each iteration. It is incumbent on the user
to make a final detailed proof calculation to verify the results of the prediction of the
optimization code. Experiences have indicated that if input coefficients are determined
accurately, final predictions of the optimization code are quite good provided the con-
figuration is not radically changed If the configuration is changed severely, a recal-
culation of coefficients is in order.
SOME OTHER USES OF OPTIMIZATION CODE
Once an optimized base case is obtained, effects of nominal changes in reactor size,
power level, and dose constraint on shield weight may be estimated using the optimiza-
tion code. This is done by altering reactor radius, by scaling dose components pro-
portionately, or by specifying a different dose constraint, respectively, and allowing
OPEX-n to seek a new minimum weight configuration.
Cost optimization (minimization) may also be performed by specifying cost per unit
volume rather than density (weight per unit volume) for each region.
Input information to the code requires knowledge of each component of the dose. Out-
put information also includes contribution of each component to the total dose. Thus one
learns which regions are important and most sensitive to the calculation.
OPEX-IICOOE
In this section the code details are presented, including
(1) Flow chart for data input
(2) FORTRAN IV listing
(3) Sample problem and sample problem output





The data input consists of a set of thicknesses for each region. Radii are calculated
internally. A thickness must be specified for each region.







FORMAT (315, 5F 10. 4)















Maximum number of iterations allowed
Number of items in dose equation (^25)
Desired dose rate (used only if > 0. 0)
Convergence criterion for weight
Convergence criterion for initial dose (EPS, EPSD
typically 0.001)
Fractional step size on u (0. 5 < CON == 1.0)
Fractional step size for initial dose (0. 5 < CA
< 1.0)
T(J) Thickness of jth region;
NREG values required.
RH0(J) Density of jth region;
NREG values required.
NB(J) Thickness constraint flag
NB(J) = 0 constrain j region
to constant thickness
NB(J) = 1 allow jth region to








For each region j read a new card
(or set of) cards with IMAX values
of p.... NREG cards (or sets of
cards) required.
i dose component corresponding to
initial geometry read in above;
IMAX values required.
NIJ(I)
NIJ(I) is the region number physically
associated with the i dose term.
This cross referencing is necessary
to zero the correct C (I) in the event
the j region is diminished to zero
thickness by the optimization process.
A region may be identified more than








Presented in this section is the IBM-7094-II FORTRAN IV listing for the OPEX-II
code. SUBROUTINE WEIGHT is coded for spherical geometry. Indication of how to
alter this subroutine for the geometry of slabs bounded by a conical surface is given in
that subroutine. The code can handle up to 25 regions and dose components as presently
dimensioned. Running times are typically less than 0.1 minute on the IBM 7094-11 for
12-region, 16-dose component problems.
Sample Problem
A sample problem consisting of a reactor, molybdenum reflector, and a shield con-
sisting of seven alternating layers of lithium hydride and tungsten is illustrated in fig-
ure 1. Region descriptions, densities, and initial thicknesses (guessed) are listed in
table I. The configuration is to satisfy a dose constraint of 2 mrem per hour at a point
20 meters distant. A series of discrete ordinates calculations for both neutrons and
gammas was made to calculate doses from each source; perturbations were made to
determine the attenuation coefficients M The results of these calculations are listed
in tables n and HI. Because the core radius, plenum, pressure vessel, and reflector
thicknesses are to be constrained in this calculation, a value of H-- = 0.0 is arbitrarily
assigned to these regions.
The complete computer output for this OPEX-II calculation to seek a minimum
weight for this seven-layer configuration is given in table IV. The output consists, first,
of a listing of all input information, followed by the value of the dose constraint (DES),
the value of the calculated dose for the initial configuration (DOS), and the weight (WT)
in grams of the initial configuration. If DES and DOS do not agree to within the param-
eter EPSD, a new set of thicknesses is calculated and printed; this new set of thicknesses
satisfies the dose constraint. The listing of DES, DOS, and WT is followed by the values
of the dose components D(I) and the thickness of each region T(I).
The results of each OPEX-II iteration for the present problem are shown in figure 2.
Shown, for each iteration, is the size and relative position of each of the layers as
adjusted in the course of the calculation. The final thicknesses and values of the dose
components are listed in tables I and n for comparison with initial values. The initial,
guessed configuration weighed 3. 594xl07 grams (79 000 Ib); the final, 2.999X107 grams
(66 000 Ib).
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Plenum, pressure vessel capture gamma
Plenum, pressure vessel inelastic gamma
Reflector capture gamma
Reflector inelastic gamma
Region 6 tungsten capture gamma
Region 6 tungsten inelastic gamma
Region 8 tungsten capture gamma
Region 8 tungsten inelastic gamma
Region 10 tungsten capture gamma
Region 10 tungsten inelastic gamma
Total
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TABLE IV. - OPEX-n LISTING AND OUTPUT FOR SAMPLE PROBLEM
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CtMMOU NREG. M A X . IMAX, DtS
1 COS. AA. KT. bb, AG. II.
/ C ( 2 5 > . A ( 2 J ) . C ( 2 t > ) .
3 11/5), RHOI25 ) , G ( 2 5 ) ,
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W R I I E I 6 . 5 0 0 I NREG. M A X . IMAX, DES
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IMAX = I3/ 9H OES =
1PE12.4/ 9H CON =
RHO(I) NBI I )/ ( I7.2F10.3, 17) )
Dill M J/ I 15, 1 P2E12.4, 15 ) )
S50 FIKMAM ; 3CHCREGICN-J MU(I.J)





TABLE IV. - Continued. OPEX-H LISTING AND OUTPUT FOR SAMPLE PROBLEM
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END
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TABLE IV. - Continued. OPEX-H LISTING AND OUTPUT FOR SAMPLE PROBLEM
i i b F T C r n s E x x C I C K
SIEKDUI 1NE UUSE
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0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0.
1.4700E-02 2.1200E-02 2.4000E-02 3.6290E-01 2.2970E-01 2.0180E-01
7.7200E-01 8.0500E-01 7.9500E-01 2.7190E-01 1.8120E-01 2.3860E-01
2.0400E-02 1.6700E-02 2.0600E-02 2.1000E-02 2.5000E-02 2.2S70E-01
7.6600E-01 7.9000E-01 7.8100E-01 7.9800E-01 8.2700E-01 1.7790E-01
2.2000E-02 2.0100E-02 2.3900E-02 1.8700E-02 2.4500E-02 2. 30006-02
7.6300E-01 8.0SOOE-01 7.7600E-01 7.8200E-01 8.1200E-01 8. iOOOE-01






























Ul = 3.5939E 07
2000E-03 2.0400E-01 5.0400E-03 9.2100E-02 9.7400E-03 9.8800E-02
47CCE-02
IMn«L lh lCK^ESSES AFl tK 11 1 IEKAI ICNS
CSLCIILAIEC INII1AL rHICK.NESS£S
P . 6 0 C C F Cl i . iOOCE CO 6 .CCCCE-C1 i. lOOOE 01 1.77C1E 01 6.5022E 00 1.3850E 01 4.4536E 00 <.8600E 00
?.H226t CC 5 .S466K 01
C t S 2 .CC1CCE CC DCS
CIII- 3 .6S60E-C2 1.1539b-C2 7.404SE-U3
6.4 . ' )5S fc -C2 3.?S5dt:-Cl 1.43I4E-C1
H = 3.21y2E 07
8.3112E-03 8.1703E-01 1.9633E-02 2.9957E-01 3.0622E-02 2.2937E-01
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TABLE IV. - Continued. OPEX-H LISTING AND OUTPUT FOR SAMPLE PROBLEM
IT - 1 kT = 3.1S42E C? COS = 2.00C5E 00
CU) = 4.19SIE-C2 9.6449t-03 6.17CVE-03 6.9265E-03 6.7567E-01 1.6311E-02 3.4357E-01 3.5056E-02 2.6938E-01
i ,48C7E-C2 3.66U1E-C1 1.54SJE-U1
1(11= 2.60CCE Cl 2.50COE CO c.COtUt-01 I . IOOOE 01 1.7360E 01 6.8982E 00 1.3S16E 01 4.4422E 00 9.6920E 00
Z.69S9E CC 5.9234E 01
II = 2 VT = 3.1772E C7 DOS = 2.00C4E 00
C ( I I = 4.5363E-02 7.S7S2E-C3 5.C414E-03 5.7148E-03 5.5197E-01 1.3414E-02 3.8134E-01 3.8937E-02 2.9864E-01
6.14251-02 4.028SE-C1 1.6771E-01
1111= ;.6000fc Cl 2.5UCOt CO t.COlCt-Cl I.IOOOE Cl 1.7056E 01 7.2748E 00 1.3174E 01 4.3829E 00 S.5066E 00
2.6602E CC 5.692CE 01
IT -3 kT = 3.1t52E C7 COS = 2.0004E 00
C I I ) = 4.9'>06fc-02 6.6541E-C3 4.3631E-03 4.8974E-03 4.6772E-01 1.1471E-02 4.0820E-01 4.1901E-02 3.0352E-01
H.C71flt-02 «.2785E-01 1.6335E-01
1111= J . tOGOt Cl 2.5UOOE CC 6.COCOE-01 1.100UE Cl 1.6848E 01 7.5684E 00 1.2842E 01 4.23C9E 00 9.3440E 00
IT = 4 kT = 3.1553E C7 OUS = 2.0003E 00
Cl I 1= 5.4284E-C2 6.429*-03 4.0B62E-03 4.5&6SE-03 4.3372E-01 1.0738E-02 4.1939E-01 4.3600E-02 2.8S80E-01
I.4048E-02 4.64U7E-01 1.SS58E-01
T ( l ) = <.6000E Cl 2.500GE CO 6.00GCE-G1 I.IOOOE 01 1.6803E 01 7.7148E 00 1.2566E 01 4.01C9E 00 9.2477E 00
2.9i4«E OC 5.7935E Cl
IT = 5 H = 3.1463E C7 DOS = 2.00C3E 00
011)= 5.9147E-02 6.3109E-03 4.C056E-C3 4.4961E-03 4.2181E-01 1.0526E-02 4.1955E-01 4.45S5E-02 2.6939E-01
6.8444E-G2 4.60C4E-C1 2.12C5E-C1
T I I I= t . tOOQk Cl 2 .5GCCE CO 6.0OOOt-01 I.IOOOE Cl 1.6870E 01 7.7951E 00 1.2329E 01 3.8219E CO 9.2176E 00
3.C-)P?f 00 5.7334E Cl
IT = 6 hi = 3.137SE 07 DOS = 2.0003E 00
C ( l l = 6.38'j^[;-02 6.28etE-C3 3.9862E-03 4.4743E-C3 4.1706E-01 1.0472E-02 4.1628E-01 4.5488E-02 2.6057E-01
6.S357 t -C2 4.£bSdE-01 2.1V51E-C1
T ( I ) = 2 . 4 0 C C t Cl 2 .50CCt CC 6.00COE-01 I.IOOOE 01 1.6994E 01 7.8688E 00 1.2120E 01 3.6e02E 00 9.2390E 00
3.188011 00 5.67C4E 01
IT = 7 VT = 3.1299E 07 DOS = 2.0003E 00
C ( I ) = 6 .8410E-C2 6.3166E-C3 4.0029E-03 4.4931E-03 4.1657E-01 1.0510E-02 4.1273E-01 4.6603E-02 2.S67SE-01
6 .3876 t -02 4 . £ / C ? E - C l 2.2296E-01
T ( I ) = 2 .60CGE 01 ; .50 tCE CO o.OOCOt-01 1.10COE 01 1.7147E 01 7.9435E 00 1.1940E 01 3.56S6E 00 9.295SE 00
3 .2172E 00 5.60£3E Cl
IT = fl UT = J.1221E C7 COS = 2.00C3E 00
C( I I= 7.2956E-C2 6.37t4E-C3 4.0363E-03 4.5306E-03 4.1809E-01 1.0591E-02 4.0941E-01 4.7846E-02 2.5581E-01
6.33176-02 4. f337E-Cl 2.23SeE-Cl
T I I I= 2.60COE Cl 2 .5GCCE CC b.CUOOE-01 I.IOOOE 01 1.7311E 01 8.0188E 00 1.1784E 01 3.47S8E 00 9.3693E 00
3 .2583E OC 5.5416E Cl
II = 9 kl = 3.1146E C7 COS = 2.0003E 00
C I I ) = 7.7624E-02 t.4461E-03 4.C77JE-03 4.5765E-03 4.2054E-01 1.0692E-02 4.0527E-01 4.9147E-02 2.5631E-01
t . 3 2 3 7 E - C 2 4.7773E-01 2.2366E-C1
T I I ) = 2 .60CCE Cl 2.50CCE CC b.COOllE-01 I.IOOOE 01 1.7478E 01 8.0930E 00 1.1646E 01 3.403SE 00 9.4497E 00
3.2641E CC 5 .4 ) t4E Cl
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TABLE IV. - Continued. OPEX-H LISTING AND OUTPUT FOR SAMPLE PROBLEM
IT =10 H = 3.1C73E C7 DCS = 2.0003E 00
C( I )* 8 .2493E-C2 6.5201E-03 4.12C9E-03 4.6255E-03 4.2335E-01 1.0801E-02 4.0332E-01 5.0475E-02 2.57*7E-01
4 . 3 4 0 2 E - C 2 4.7113E-01 2.2261E-01
T l l )= 2 . 6 0 C C E Cl 2.50CCE CC 6.0000b-01 1.1000E 01 1.7641E 01 8.1653E 00 1.1525E 01 3.3365E OC 9.S312E 00
3.2614E CC 5.41C7E 01
IT = II kT = 3.1C02E C7 OCS * 2 .0CC3E CO
Dl l )= S.7612E-C2 6.5S48E-03 4.1O50E-C3 4.6750E-03 4.2625E-01 1.0911E-02 4.0058E-01 5.1818E-02 2.S889E-01
6.36?iE-C2 4.t4C2E-Cl 2.2111E-01
T ( I ) = ?.6000b Cl 2.50COE 00 6.00COt-01 1.1000E 01 1.7801E 01 8.2355E 00 1.1419E 01 3.2765E 00 9.6112E 00
3 . 2 5 3 B E OC 5.3444E Cl
IT =12 H = 3.C933E C7 OCS = 2.00C3E 00
C ( I I = 9.30C8E-02 6.6t>(-e£-C3 4.2064E-03 4.7230E-03 4.2911E-01 1.1020E-02 3.9809E-01 S.3174E-02 2.6038E-01
6.405CE-C2 4.5.66CE-C1 2.192SE-01
1(11= 2 .60COE fll P.50UCE UC 6.COCCE-C1 1.1000L 01 1.7V54E 01 &.3039E 00 1.1327E 01 3.2220E 00 9.6886E 00
3 . 2 4 2 f t UC 5 . 2 / 7 B E Cl
IT = 13 H = J .C£67E 07 DOS = 2.0U03E 00
C( I 1= S . 6 6 < J E - C 2 6.V4C7E-C3 4.25C7E-LiJ 4.7712E-03 4.3189E-01 1.1126E-02 3.9565E-C1 5.4544E-02 2.6184E-01
6 .4451E-02 4.4fcSbE-Cl i.l7i!6-01
II11= /.6000E Cl i .SOCCE CC 6.CCCCt-ul 1.100UE 01 1.S102E 01 8.3704E 00 1.1250E 01 3.1726E 00 S.7628E 00
3 . 2 2 f r 8 E CC 5.21C7E Cl
IT =14 k 1 = i.iidi C7 liDS = 2.0CC3E 00
C ( I ) = 1.0469E-C1 6.eiCet-CJ 4.2917t-u3 4.8172fc-03 4.3456E-01 1.1230E-02 3.9386E-01 5.5931E-02 2.6324E-01
6 .46e4 t -C2 4.4111E-C1 2.14d'»E-01
1111= 2.60CCt Cl 2.5UCCt OC 6.CUCOt-Ol 1.1UOOE 01 1.8244E Ol 8.4355E 00 1.1187E fll 3.1277E 00 9.8334E 00
3.2124E CC 5.1433E 01
II = 15 k( = 3.C74CE Cl ULiS = 2 .0QC3E 00
C ( I ) = 1.1099E-01 6.t7t8t-C3 4.3312K-1J3 4.861t>E-03 4.3712E-01 1.1331E-02 3.9214E-01 5.7340E-02 2.6457E-01
f - . 5 3 4 J t — C 2 «.23CfiE-Cl 2.1234E-01
T ( I I = 2 . t l )CCE Cl 2.5000E OC 6.COCOE-01 1.1000E 01 1.83blE 01 8.4992E 00 1.1137E 01 2.0871E CO 9.9003E.OO
2.U35t OC 5 .C75 fcE Cl
II = 16 kl = S.CteCE 07 DCS = 2.00C3E CO
t l l ) = 1.17olF-01 6.S44SE-H 4.3c,«E-u3 4.9046E-C3 4.39S7E-01 1.1429E-02 3.9068E-01 5.8777E-02 2.65BOE-01
fc.5d;3E-02 4.24E7E-01 2 .C^34fc -C l
1 (11= 2.61JOOE Cl 2.5000E CC 6.CUUIJE-U1 1.10U06 01 1.8Sl4t 01 B.5620E 00 1.1102E 01 3.0504E CO 9.9634E 00
3.171SE CC 5.C(J-(7E Cl
IT = 17 H = 3.C<22t C7 COi = 2.0003E 00
C < I I = l.?-.53t-01 7.00SUE-LO 4.406ot-u3 4.94olE-03 4.4193E-01 l.lb24E-02 3.8947E-01 6.0250E-02 2.6694E-01
6.6125E-02 «.16<iiE-Cl J .Cob^E-C l
T ( l ) = P .6DCOE Cl 2 -bJCCE CU 6.CUCCC-C1 1.1000E 01 1.8o42E 01 8.6240E 00 1.10WE 01 3.0176E 00 1.0023E 01
3 . 1 4 7 i E CC 4.S396E 01
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TABLE IV. -Continued. OPEX-D. LISTING AMD OUTPUT FOR SAMPLE PROBLEM I
IT * .18 UT - 3.0566E C7 DOS - 2.0003E 00
C ( I I = 1.31776-01 7.0714E-03 4.4425E-03 4.S865E-03 4.44216-01 1.16176-02 3.88526-01 6.1765E-02 2.67986-01
6.6849E-02 4.C787E-01 2.0324E-C1
I ( l» - i.tOOat 01 2.50COE 00 6.CCCC£-01 1.1000E 01 1.8767E 01 S.6857E 00 1.10706 01 2.S882E 00 1.00786 01
3.1205E CC 4.C713E .01 "" " •
IT =19 UT = 3.0512E 07 DOS = 2.0003E 00
C ( l » = 1.3931E-01 7.1323E-03 4.4775E-03 5.0257E-03 4.46426-01 1.17076-02 3.87836-01 6.33326-02 2.68S1E-01
6.7392E-02 3.9906E-01 1.SS72E-01
TU) = J.60COE Cl 2-50COE 00 t .OUCOfc-01 1.1000E 01 1.8889E 01 8.7473E 00 1.1074E 01 2.96226 00 1.0129E 01
3.0SC4E CC 4.8030E 01
IT =50 kT = 3.046CE 07 DOS = 2.00C3E 00
0(1)- 1.4714E-01 7.1919E-C3 4.5116E-03 5.0640E-03 4.4858E-01 1.17956-02 3.8738E-01 6.496JE-02 2.6974E-01
6.7954E-C; 3.90C4E-C1 1.5596E-01
T ( I J = i . b O C C E Cl 2.500UE CO 6.COCOE-01 1 . 1000E 01 1.9008E 01 8.8092E 00 1.1092E 01 2.93916 00 1.01756 01
3.057JE OC 4.7346E 01
IT = /I H = J.O'.CSE C7 DOS = 2.00C3E 00
El Il> 1.5526t-(l 7.2505E-03 .4.5451E-C3 5.1016E-03 4.5071E-01 1.1882E-02 3.8718E-01 6.66646-02 2.70456-01
6.653-4E-02 3.ECE1E-C1 1.S194E-01
1(11= 2 .60CCE Cl P .5UOOE 00 6.CUCOE-01 1.1000E 01 1.9126E 01 8.8717E 00 1.11226 01 2.91896 00 1.0217E 01
3.0705E CC 4.6662E 01
IT = i? *T - 3.D361E C7 DOS = 2.0003E 00,
C - l l ) = l. '63<36-01 7.3083E-C3 4.b7tilE-03 5,. 1386E-03 4.52826-01 1.19686-02 3.8723E-01 6.8452E-02 2.7105E-01
6.9131t-02 3.7136E-01 1.S766E-01 ' . . .
1 1 1 ) = J . 6 0 C C E (1 2.500CE 00 6.COCOE-01 1.1000E 01 1.9243E 01 8.9352E 00 1.1165E 01 2.90126 00 1.0255E 01
;.Si)02E DC 4.5'579E 01 -
IT = /3 H = 3.C315E Cl COS = 2.0003E 00
C( I 1= I .7223F-OJ 7.3656E-C3 4.6L08E-03 5.1753E-03 4.5493E-01 1.20526-02 3.8752E-01 7.0340E-02 2.7152E-01
b. i~ l<<<i t -{ . t 3.61tSb-Cl 1.6J14E-C1
1111= 2 . 6 0 C O E 01 ; .50CUE CO O.COGOt-01 1.1000E 01 1.9360E 01 9.0000E 00 1.1222E 01 2.8B59E 00 1.0287E 01
2.<i36ie <JC 4.5i!?6E Cl .
IT = -^ UT = 3.0271E C7 COS = 2.0003E 00 .
0 1 1 1 = 1.8104E-C1 7.4227K-03 4.6<.3"iE-03 5.2120E-03 4.5707E-01 1.2137E-02 3.8806E-01 7.2343E-02 2.7187E-01
•|.0372£-02 3.5179E-C1 1.7836E-C1
T ( I ) = S . t O C O E CJ 2 .50CCE 00 6.00COE-01 1.1000E 01 1.9477E 01 9.0666E 00 1.1291E 01 Z.8726E 00 1.0314E 01
/ . E K 8 2 E OC 4.4615E 01
IT = J5 H = 3.022SE C7 COS = 2.0003E 00
C( I )= 1.9002E-C1 7.ABOOE-03 4.6/O2E-03 5.2488E-03 4.5926E-01 1.2221E-02 3.8883E-01 7.44786-02 2.72096-01
7.1C17E-02 3.4166E-U1 1.7333E-01
T ( I ) = J .600CE Cl 2 . 5 0 C C E CC 6.0000K-01 1.1000E Cl 1.9595E 01 9.1353E 00 1.1373E 01 2.8612E 00 .1.0336E 01
• 2 . E 3 6 C E CC « .393fcE Cl
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TABLE IV. - Concluded. OPEX-H LISTING AND OUTPUT FOR SAMPLE PROBLEM
i = 3.01t9E C7 DOS = 2.00C3E 00
I 7.5379E-03 «.7u«tt-U3 5.2b6UE-03 4. 61536-01 1.2306E-02 3.b3856-01 7.6764E-02 2.7217E-01
l.lftlit-OZ 3.3131t-Cl 1.6U06E-01
7 ( 1 1 = ;.60()ut 01 2.5UCCE CO 6.00CJUt-01 1.10COE 01 1.97156 01 9.2064E 00 1 . 1469E 01 2.85156 00 1.0353E 01
J .77S1K 00 <-32ESE Cl
If - il H = 3.015CE C7 DOS = 2.0003E 00
C ( l ) = 2 .CH2SE-C1 7.5966E-03 4.7432E-03 5. 3240E-03 4.63896-01 1.2391E-02 3.9110E-01 7.9222E-O2 2.7211E-01
Z 3.2O75E-CL 1.625iE-01
1 ( 1 ) = 2 .6JCCE 01 2 .5GCCE CO 6.00COE-01 1.1000E Cl 1.9838E 01 9.2805E 00 1.15776 01 2.8433E 00 1.03636 01
2 . 7 1 7 5 6 OC 4.2566E Cl
IT = ;8 M » 3.011-4): Cl UQS =- 2.QOC36 00
0(11= ;.1746E-(1 7.6568E-03 4.77BOE-03 5.3631E-03 4.6638E-01 1.24796-02 3.92596-01 8.1875E-02 2.7190E-01
T.3031E-02 3.CSSfE-Cl 1.56b2E-Cl
1111= 2.60DCE Cl 2.5CCCE CC 6.COUUE-01 1.1000E Ol 1.99646 01 9.35776 OO 1.16996 01 2.8362E 00 1.0368E 01
2.6S08E 00 4.1916E Cl
IT = ;<5 kf = S.OCISE C7 COS = 2.00C3E 00
t ( I I= ;.2h57E-Cl 7.7186E-03 4.8139E-03 5.4034E-03 4.69026-01 1.25686-02 3.9430E-01 8.4747E-02 2.71566-01
"I.3731E-OZ 2.S9C1E-01 1.5UBaE-Cl
1 ( 1 1 = <.6(lOOt 01 2.SOOCE CC 6.CULUE-U1 1.1000E 01 2.0095E 01 9.4386E 00 1.1835E 01 2.8303E 00 1.0366E 01
2 . 5 7 8 7 E 00 1.U51E Cl
IT = 2(1 l» f = 3.CC46E C7 DCS = 2.00C3E 00
UI I )= 2 .3 - J54E-C1 7.7829E-03 4.8515E-03 5.4456E-03 4.7186E-01 1.26616-02 3.96236-01 8.7864E-02 2.7105E-01
2 2.£7£4E-C1
U l ) = ?.6l)CUb 01 <.50UCE CC 6.COCCE-01 1.1UOOE Cl 2.02306 01 9.S233E 00 1.1984E 01 2.82f3E CO 1.03576 01
Z.5011E 00 ^.CSSCE Cl
IT =31 VI = 3.0014b Cl DCS = 2.00136 00
C ( I ) = S.'.IJtE-Cl 7.{'t8';E-03 '..890JE-03 5.4891E-03 4.7486E-01 1.27566-02 3.9839E-01 S. 12576-02 2.70*26-01
7.5171E-C2 2.7tt2E-Cl 1..3844E-01
HII= ;.6,)ttt Cl 2.50UCE CC 6.CUCOE-01 1.1000E 01 2.03716 01 9.6125E 00 1.2146E 01 2.82126 00 1.0342601
2.4173E 00 3.9936E Cl
UT = Z.SSbiE C7 DCS = 2.00C3E 00
5.5270E-C1 7.S1SSE-C3 <,.932*E-03 5.53636-03 4.78226-01 1.28586-02 4.00726-01 9.*9466-02 2.6957E-01
7.5HS7E-C2 2.45C3E-C1 1.3lS<JE-01
1 ( 1 1 = i.6UCGE OJ 2.50CCE CO 6.CvJOOt-01 1.10006 01 2.03196 01 9.70566 00 1.23236 01 2.81156 00 1.0321E 01
P.327«E tC 3.S2tt;E Cl
4C1» UM1C5. tap. R6C- 00000 F I L»
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CONCLUDING REMARKS
An optimization procedure for minimizing radiation shield weight has been described.
The procedure, built around the steepest-descent code, OPEX-n, depends strongly on
the validity of the dose-thickness relation. It has been observed that when care has been
taken to accurately fit the dose-thickness relation, predictions of minimum weight con-
figurations are quite good as verified by a necessary detailed proof calculation.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 8, 1969,
124-09-11-01-22.
REFERENCES
1. Schultz, H.; and Sasse, S.: Analytic Evaluations for the Optimum Selection and
Arrangement of Shielding Materials in Reactor Shields. Nucl. Eng. Des., vol. 6,
1967, pp. 447-464.
2. Clark, F. H. S.; and Kam, F. B. K.: A Generalized One-Constraint Lagrange Multi-
plier Numerical Formulation. Rep. ORNL-3742, Rev., Oak Ridge National Lab.,
June 1965.
3. Bernick, R. L.: Application of the Method of Steepest Descent to Laminated Shield
Weight Optimization. Rep. NAA-SR-Memo-8181, Atomics International, Apr. 17,
1963.
4. Bernick, R. L.: The OPEX Shield Optimization Code. Rep. NAA-SR-Memo-11516,
Atomics International, July 13, 1965.
22












CT* O O S ^^ »~> ^-i CNJ *O r*- OO OO O*
6 '1H6I3M |B)01
jaquinu uoi)BJ3)|
24 NASA-Langley, 1969 — 22 E-4849
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D. C. 20546
OFFICIAL BUSINESS FIRST CLASS MAIL
POSTAGE AND FEES PAID
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION
If fadeKvwable (Sectioes 158
Do Hot Sew*
"The (tcrpthmiical and space activities of the United Slates shall be
conducted so as to contribute . . , to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration-
shall provide f&r the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof."
—NATIONAI. AERONAUTICS AND SPACE ACT OP 1958
- : >
If ASA SCIENTIFIC AND TECHNICAL PUBLICATIONS
TECHNICAL REPORTS: Scientific and
technical informatioa considered important,
complete, and a lasting contribution to existing
jknowledge.
TECHNICAL NOTES: Intonation less broad
So scope but nevertheless of importance as a
contribution to existing knowledge.
TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security* classifica-
tion, or other reasons.
CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.
TECHNICAL TRANSLATIONS: Ipfopnaden
published in a foreign language considered
to merit NASA distribution in English
SPECIAL PUBLICATIONS:
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies,
TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest io commercial and other noa-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and Notes,
and Technology Surveys.
Details on the avaltetbilfty of these publications may be obtained Iron:
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C 20546
